Abstract Fire is both inevitable and necessary for maintaining the structure and functioning of mesic savannas. Without disturbances such as fire and herbivory, tree cover can increase at the expense of grass cover and over time dominate mesic savannas. Consequently, repeated burning is widely used to suppress tree recruitment and control bush encroachment. However, the effect of regular burning on invasion by alien plant species is little understood. Here, vegetation data from a long-term fire experiment, which began in 1953 in a mesic Zimbabwean savanna, were used to test whether the frequency of burning promoted alien plant invasion. The fire treatments consisted of late season fires, lit at 1-, 2-, 3-, and 4-year intervals, and these regularly burnt plots were compared with unburnt plots. Results show that over half a century of frequent burning promoted the invasion by alien plants relative to areas where fire was excluded. More alien plant species became established in plots that had a higher frequency of burning. The proportion of alien species in the species assemblage was highest in the annually burnt plots followed by plots burnt biennially. Alien plant invasion was lowest in plots protected from fire but did not differ significantly between plots burnt triennially and quadrennially. Further, the abundance of five alien forbs increased significantly as the interval (in years) between fires became shorter. On average, the density of these alien forbs in annually burnt plots was at least ten times as high as the density of unburnt plots. Plant diversity was also altered by long-term burning. Total plant species richness was significantly lower in the unburnt plots compared to regularly burnt plots. These findings suggest that frequent burning of mesic savannas enhances invasion by alien plants, with short intervals between fires favouring alien forbs. Therefore, reducing the frequency of burning may be a key to minimising the risk of alien plant spread into mesic savannas, which is important because invasive plants pose a threat to native biodiversity and may alter savanna functioning.
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Introduction
Fire is one of the major factors controlling vegetation structure, composition, and dynamics as well as ecosystem functioning in mesic African savannas, which receive more than 650 mm of annual precipitation Sankaran et al. 2005; Savadogo et al. 2008) . Without disturbances such as fire or grazing, tree cover can increase at the expense of grass cover and dominate these mesic savannas (Higgins et al. 2000; Van Langevelde et al. 2003) . Because tree-grass coexistence is essential for savanna functioning, managers of these savannas use fire to control bush encroachment (Govender et al. 2006) . The use of fire to manage savannas is justified by managers on the grounds that savanna vegetation evolved in the presence of fire and is thus adapted to, or tolerant of, fire (Bond and Midgley 2001) . However, despite decades of research, there is still uncertainty and disagreement among ecologists regarding the appropriate fire regimes natural resource managers should employ to manage savannas (Van Wilgen et al. 2004) .
For example, based on current understanding of the relationship between fire intensity, its frequency and tree mortality, some ecologists prescribe regular burning during the dry season to limit tree recruitment and control bush encroachment (Roques et al. 2001 ). Other fire ecologists, however, suggest that the imposition of regular fires of similar intensity can lead to the dominance of grasses. Hence these ecologists recommend fires of variable intensities, and they further stress that flexible burning is required to promote tree-grass coexistence (Bond and Archibald 2003) . At present, regular burning remains the most popular tool for managing savannas, despite the fact that the effects of fire frequency on species composition are little understood. Frequent fires in savanna ecosystems may promote invasion by non-indigenous (alien) species, since disturbance is known to increase the invadability of plant communities (Hobbs and Huenneke 1992; Valery et al. 2008 ). Yet, this issue remains poorly addressed in fire ecology studies.
Empirical evidence suggests that in savannas, different fire regimes promote particular traits in plants (Bond and Keeley 2005; Watson et al. 2009 ). For example, 'ruderalism', that is, the specialisation associated with a short life cycle and high seed production (Grime 1977) , and having pole-like stems are important traits, enabling plants to establish and persist in frequently burnt savannas. These traits are known to facilitate rapid colonisation (Lavorel et al. 1997 ) and bolting towards a height that is out of reach of surface fires before the next burn (Bond and Keeley 2005) .
The purpose of this study is to test the hypotheses that frequent burning of a mesic savanna creates gaps in a plant community suitable for colonisation by alien plants and that short intervals between fires may favour ruderal alien species with a short life span. To test these hypotheses, vegetation data from a longterm fire experiment, which began in 1953 at a mesic Zimbabwean savanna site, were used. The fire treatments applied were annual, biennial, triennial, and quadrennial burning late in the dry season, and these treatments were compared with no burning. This burning experiment was originally designed to assess the effects of fire on tree growth and dominance, but here it is used to shed light on the impact of fire on alien plant invasion, going beyond the original scope of the study, because the treatments have been applied for more than 50 years.
Methods

Study site
The study was conducted at the Grassland Research Station (18°65 0 South, 31°15 0 East; altitude 1,630 m), located 8 km west of Marondera town and about 55 km southeast of Harare in Zimbabwe. The climate is seasonal with most of the precipitation, averaging 885 mm per year, falling between October and April. Mean monthly temperatures range from 12.3°C in June to 19.7°C in October (Grundy et al. 1994) . The soils are coarse-grained sandy soils derived from granite (Barnes 1965 (Barnes 1965) . A total of 22 experimental plots each measuring 36 9 60 m were established. A 3-m wide firebreak was established around each plot. The experimental site was fenced off to exclude livestock grazing. The fire treatment applied was burning with late-season (August-November) fires lit at 1-, 2-, 3-, and 4-year intervals, to be compared with no burning. The different treatments were replicated as follows: burning once every 4 years (quadrennial burning) was replicated eight times; burning once every 3 years (triennial burning) six times; burning once every 2 years (biennial burning) four times; burning once every year (annual burning) and no burning twice each. Replication was biased in favour of treatments with longer intervals between fires to ensure that for each fire frequency at least one plot was burnt every year. Further details about the history of the experiment and its design can be found in Strang (1974) and Furley et al. (2008) .
This fire experiment has been well-maintained for more than 50 years and is still running. However, there were some years, for example 1991 and 1992, when the annual and biennial plots were not burnt according to schedule due to lack of sufficient fuel load caused by an extreme drought that occurred in these years. Similar problems have been reported in the Kruger long-term fire trials (Van Wilgen et al. 2008 ) but unlike at Kruger national park (South Africa) where attempts to impose a series of fire regimes on 7-ha plots were not entirely successful (Van Wilgen 2009), the Marondera fire experiment has never been disrupted by wildfires.
Vegetation sampling
In March 2007 during the peak growing season, the vegetation was assessed along two diagonal belt transects (50 m in length and 5 m in width) established in each experimental plot. Ten 5 9 5-m contiguous quadrates were placed along each transect. In each 5 9 5-m plot, all woody plants present were identified to species level and their abundance (i.e. number of stems per species) recorded. Herbaceous species were also identified to species level and their density recorded from 1 9 1-m quadrates placed in the centre of each 5 9 5-m plot. Grass and sedge density were recorded as tiller numbers per quadrat, leaf numbers were counted for stoloniferous species e.g. Ipomoea indica, and the number of individual plants per each species for other species (Gibson 1988) . For each experimental plot, the density of herbaceous species (number of plants per species per 1 m 2 plot) was averaged per species. To determine whether species identified in the experimental plots were native or aliens (i.e. those not indigenous to southern Africa), national checklists (Mapaura and Timberlake 2004) and regional floras were consulted (Gibbs Russell et al. 1990; Glen 2002; Henderson 2007) . The proportion of aliens was calculated as the number of alien plant species present in a given experimental plot divided by the total number of plant species present in that plot.
Data analysis
Treatment means for total number of plant species (overall richness), number of alien plant species (alien richness), number of forbs, number of graminoids (i.e. grasses plus sedges), number of woody species, proportion of alien plant species, and the abundance (i.e. density) of common alien forbs, were compared among the five fire treatments using one-way analysis of variance (ANOVA). Although abundance data were collected for all alien forbs, analysis of individual species response to fire treatments was restricted to five alien forbs present in all the experimental plots. Prior to performing ANOVA, data on the number of species and density of common alien forbs were log-transformed while data on the proportion of alien species were arcsine transformed to generate a normal distribution (Crawley 2002) . Following a significant fire treatment effect, Turkey's honestly significantly different (HSD) tests were performed to detect significant pairwise differences between means. P \ 0.05 was used as the critical level of significance. All analyses were performed using Statistica version 7.0 (StatSoft, Inc.).
Results
Impact of fire on plant diversity and alien richness A total of 110 vascular plant species were identified in the experimental plots, of which nine were alien Frequent burning promotes invasions of alien plants into a mesic African savanna 1643 species. The alien species consisted of seven forbs (namely Aster squamatus, Bidens pilosa, Conyza bonariensis, Desmodium uncinatum, Richardia brasiliensis, Sida cordifolia, and Tagetes minuta) and two woody species (Lantana camara and Jacaranda mimosifolia).
Results show that, plant diversity was altered by the fire treatments applied. Total species richness was significantly lower in the unburnt plots (F 4, 17 = 7.55, P \ 0.01; Fig. 1a ) but similar in other treatments. Alien richness increased significantly as the interval (in years) between fires became shorter (F 4, 17 = 12.13, P \ 0.01, Fig. 1b) . Unburnt plots had the lowest number of aliens while those burnt annually had the highest alien richness. The frequency of burning also had a significant effect on the proportion of alien plant species (F 4, 17 = 7.94, P \ 0.01, one-way ANOVA on arcsine-transformed data). The proportion of aliens was highest in the annually burnt plots followed by plots burnt biennially (Fig. 1c) . It was lowest in plots protected from burning for 50 years but did not differ significantly between plots burnt either triennially or quadrennially.
Response of forbs, graminoids and woody species to frequency of burning The response of forbs, graminoids and woody species to frequency of burning was variable. Table 1 shows that the number of forbs was significantly greater in plots burnt annually and in plots burnt biennially than in plots burnt quadrennially, triennially, and the unburnt plots. The mean number of graminoids and woody plants was significantly lower in unburnt plots but similar in other treatments.
The proportion of alien species also differed among the three major growth forms examined (i.e. forbs, graminoids, and woody plants). The proportion of alien forbs was greatest in annually burnt plots and least in the unburnt plots, but did not differ significantly between plots burnt quadrennially and triennially (Table 1) . Although plots burnt biennially, triennially and quadrennially had been invaded by alien woody plants, the proportion of alien woody plants did not differ significantly between these treatments (F 4, 17 = 0.42, P [ 0.05, one-way ANOVA on arcsine-transformed data). The annually burnt plots and those Fig. 1 Effect of fire frequency on a plant diversity, b alien richness, and c proportion of alien plants at a mesic savanna site (Grasslands Research Station, Zimbabwe). Experimental plots were exposed to different fire treatments for half a century. Data presented are means ± S.E. Means with different letters are significantly different at P \ 0.05 with a Tukey's HSD multiple comparison test. All analyses were based on logtransformed data for the number of species and arcsinetransformed data for the proportion of alien species but untransformed data are presented to make comparisons between treatments easier protected from burning have not been invaded by alien woody plants. Neither alien grasses nor sedges were found in any experimental plot.
Effects of fire on the abundance of alien forbs Figure 2 shows that the density of all the five alien forbs evaluated significantly increased as the interval (in years) between fires were shortened. In general, the mean density of these common alien forbs in annually burnt plots was at least ten times as high as the mean density of unburnt plots (Table 2) .
Discussion
The results show that half a century of frequent burning of a mesic African savanna promoted the invasion by alien plants relative to fire exclusion. More alien species became established in plots which were frequently burnt than in plots which were protected from burning. Plant diversity was also altered by long-term burning. Overall species richness was significantly higher in the regularly burnt plots compared to unburnt plots. Previous research published on this long-term fire experiment revealed that regular burning reduced tree size regardless of the frequency of burning, but failed to eliminate woody plants, or significantly alter tree species diversity at the experimental site (Furley et al. 2008) . Data from another long-term, plot-based and well-reported fire experiment in the Kruger National Park (South Africa) with similar mean annual precipitation to the present study site, also showed fire frequency had no significant effect on tree density (Higgins et al. 2007 ) as well as woody species richness and composition (Van Wilgen et al. 2007 ). These previous studies did not evaluate the effect of frequency of burning on alien plant invasions in African savannas and as far as we are aware, no alien species were found at the Kruger experiment (Higgins et al. 2007; Van Wilgen et al. 2007 ). It may well be that for the Zimbabwean experimental site, many alien species established because the experiment was located at an agricultural research site with a long history of anthropogenic disturbance, specifically pasture improvement. Hence, at the Zimbabwean experimental site, propagule availability of alien taxa may have been higher than at Kruger National Park. The role of propagule availability in enhancing alien invasion success is widely reported in the literature (Edward et al. 2009; Lockwood et al. 2005; Rouget Frequent burning (i.e. annual and biennial fires) appears to favour forbs in general and also facilitate alien forb invasions. Total forb richness was significantly higher in plots burnt either annually or biennially but it was similar in other treatments. In contrast, the proportion of alien forbs relative to the total number of forbs present consistently increased as the fire interval was shortened. The abundance of common alien forbs also followed a similar pattern. The explanation for this increased performance of alien forbs in plots exposed to regular annual and biennial fires is not clear, but may be attributed to different mechanisms. First, by killing or damaging dominant grass species and suppressing woody plant recruitment and growth (Furley et al. 2008; Van Wilgen et al. 2007) , frequent fires may prevent their competitive dominance, thereby creating a window of opportunity for alien forbs to establish (Alpert 2006; Barney and Whitlow 2008; Frost et al. 1985; MacDougall et al. 2009; Shea and Chesson 2002) . Second, frequent fires tend to create gaps in a plant assemblage suitable for colonisation by alien species, particularly those small-seeded forbs with high seed production and a relatively short life cycle (Sousa 1984) . Finally, reduced competition from dominant resident species may act in concert with increased availability of resources and bare soil to enhance the invadability of frequently burnt mesic savannas by alien forbs. In the blue oak savannas of the southern Sierra Nevada, alien forb response to fire was also linked to increased post-fire availability of bare patches and resources such as light, which are critical for alien recruitment and growth (Keeley et al. 2003) . The same mechanism may be operating in mesic savannas, which are frequently burnt. However, the intensity (hotness) of the fire would provide a compounding effect which has not been considered here. It is likely that with the triennial or quadrennial burning, there is more fuel and this would result in a hotter burn compared to annual and triennial burning. This may explain why plots burnt triennially and quadrennially were less vulnerable to invasion by alien plants than plots burnt annually and biennially.
Fire is both inevitable and necessary for maintaining the structure and functioning of mesic savannas (Sankaran et al. 2005; Van Wilgen 2009 ). Based on current understanding of savanna ecology, managers of mesic savannas often use fire to influence vegetation structure and composition by manipulating the timing and frequency of burning (Barnes 1965; Bond and Keeley 2005; Van Wilgen 2009) . Our findings, however, suggest that the presence of invasive alien plants may complicate the use of fire as a tool for managing mesic savanna ecosystems. The evidence presented here suggests that, if fire is completely excluded from a mesic savanna, plant diversity decreases. On the other hand, burning too frequently e.g. once every year or biennially, may promote the spread and dominance of alien species. This raises the question: how frequently and intensely (hotly) should managers burn mesic savannas and woodland reserves in order to minimize the spread of alien plants, while simultaneously maintaining a functioning savanna?
As overall species richness was significantly higher in plots burnt triennially and quadrennially compared to plots protected from burning, and both alien richness and abundance were significantly lower in plots burnt triennially and quadrennially than in Within a row, means with the same letter do not differ significantly at P \ 0.05 with a Tukey HSD multiple comparison test. All analyses were based on log-transformed data plots burnt annually and those burnt biennially, burning once every three to 4 years may assist in securing a functioning mesic savanna ecosystem while preventing the spread of alien plants. This recommendation is in accordance with the widely reported mean fire return interval in mesic savannas, which is typically 3 years (Furley et al. 2008) . In making this recommendation, however, we are aware of recent evidence that at the landscape scale, it is rainfall availability in the preceding years rather than management policy that largely determines the timing and frequency of fire (Van Wilgen et al. 2007 . However, regular burning is still the most widely used approach for managing savannas despite the on-going debate in ecology regarding whether regular or flexible burning achieves the intended management goals (Bond and Archibald 2003) .
Conclusion
The experimental evidence presented in this paper lead to the conclusion that frequent burning increases the susceptibility of mesic savannas to invasion by alien plants, with short intervals between fires favouring ruderal alien forbs. This is consistent with ecological theory, which predicts that frequent disturbances favour colonisation by short-lived species which are capable of coping with frequent disturbances (Grime 1977; Lavorel et al. 1997) . Hence, the frequency of burning is an important factor to consider when managing these ecosystems for conserving biodiversity and reducing the spread of alien plants. Previous research on alien invasion in African savannas focused mostly on invaders with a long life span, ignoring the less conspicuous forbs. This has tended to limit our understanding of the effects of fire on alien plant invasion in these ecosystems.
